Background--Autonomic dysregulation represents a hallmark of coronary artery disease (CAD). Therefore, we investigated the effects of exercise-based cardiac rehabilitation (CR) on autonomic function and neuro-cardiovascular stress reactivity in CAD patients.
A utonomic nervous system dysregulation, manifested typically through sympathetic neural hyperactivity 1 and persistent vagal (ie, parasympathetic) dysfunction, 2, 3 represents a major feature of coronary artery disease (CAD). In turn, this chronic dysregulation has been linked to cardiovascular instability, cardiac and vascular damage and remodeling, increased risk for sudden death, and an overall elevated risk of mortality. 4, 5 Therefore, clinical strategies aimed at reversing this dysfunction are of the utmost importance. Indeed, the value of exercise-based cardiac rehabilitation (CR) for CAD patients has become increasingly recognized, most notably for its beneficial effects on overall quality of life and cardiovascular mortality. 6 Yet, the effects of exercise-based CR on autonomic function remains controversial. Specifically, although several studies in CAD patients have shown considerable benefits of exercise training on heart rate (HR) variability (HRV) and cardiovagal baroreflex sensitivity (BRS), [7] [8] [9] [10] [11] [12] both indirect indices of cardiac autonomic regulation, others have not. [13] [14] [15] Furthermore, only 2 groups to date have examined the effects of exercise training on direct measures of sympathetic outflow in CAD patients, 16, 17 noting reductions in muscle sympathetic nerve activity (MSNA) of %20% to 50%. Therefore, additional data are required regarding the effects of exercise-based CR on chronic cardiovagal and sympathetic outcomes from the same participants.
In addition to pathological consequences of chronic elevations in baseline autonomic output, exaggerated blood pressure (BP) and sympathetic responses to transient, shortduration physical stress (eg, static handgrip exercise [SHG] ) are also reported in several cardiac-related disorders. 18, 19 In turn, heightened stress reactivity has been linked to increased short- 20 and long-term 21 cardiac risk, whereas frequent episodic surges of BP and sympathetic outflow contribute to onset and progression of cardiovascular disease-related morbidity and mortality. 22, 23 In this sense, attenuation of stress hyper-reactivity has been hypothesized to be 1 mechanism by which exercise training improves cardiovascular outcomes, 24 and recent evidence, albeit limited, suggests that exercise training may blunt neuro-cardiovascular responses to SHG exercise in chronic heart failure patients. 25 Whether exercise-based CR improves neuro-cardiovascular reactivity to physical stress in CAD patients remains unknown.
Therefore, we investigated the effects of 6 months of exercise-based CR on autonomic function and neuro-cardiovascular reactivity to physical stress in patients with CAD. Furthermore, we compared CAD patients with a reference group of similarly aged, healthy controls to investigate whether autonomic indices and neuro-cardiovascular stress reactivity are normalized with CR to levels observed in healthy individuals.
Methods
The authors declare that all supporting data are available within the article.
Participants
Initially, we recruited 39 patients with CAD, of whom 1 was deemed ineligible to participate further (ie, because of uncontrolled hypertension) and 16 were lost to follow-up (ie, because of noncompliance to exercise-based CR and/or withdrawal for personal reasons). Therefore, 22 CAD patients (4 women; 62AE8 years; range, 48-76) and 22 similarly aged, healthy individuals (CTRL; 7 women; 62AE11 years; range, 45-79) participated in the current investigation. CAD patients with preserved left ventricular ejection fraction (ie, >50%) were eligible to participate if they were discharged from hospital following admission for acute coronary syndrome (ie, ST-elevation or non-ST elevation myocardial infarction or unstable angina), percutaneous coronary intervention, or coronary artery bypass graft surgery as documented by their attending physician. Exclusion criteria included those which might alter abnormally autonomic and cardiovascular function and may therefore confound study outcomes. Specifically, patients with unstable heart rhythm, congenital coronary abnormality, congestive heart failure, second-or third-degree atrioventricular block, >2 previous myocardial infarctions, sick sinus syndrome, complicated arrhythmias, renal insufficiency, uncontrolled hypertension, and/or uncontrolled diabetes mellitus were ineligible to participate. Current smokers (ie, at the time of experimental testing) were also excluded.
Participant characteristics are provided in Table 1 . In total, 19 CAD patients presented with acute ST-elevation (n=9; 41%) or non-ST elevation (n=10; 45%) myocardial infarction and 3 with unstable angina (14%), 15 patients underwent percutaneous coronary intervention (1.6AE0.6 stents), and 5 patients underwent coronary artery bypass graft surgery (2.6AE1.3 grafts). On average, pre-CR testing occurred 68AE31 days following hospital discharge. CAD patients were receiving, and remained on, conventional pharmacotherapy, including betablockers (n=19; 86%), angiotensin-converting enzyme inhibitors and/or angiotensin II receptor blockers (n=20; 91%), calcium channel blockers (n=5; 23%), diuretics (n=1; 5%), statins (n=21; 95%), and antiplatelet agents, including aspirin (n=22; 100%). Medication use was not altered throughout the study period, except in 1 patient who decreased their betablocker dosage; however, this participant was not excluded,
Clinical Perspective
What Is New?
• Six months of exercise-training-based cardiac rehabilitation was associated with marked improvements in resting autonomic function and neural-cardiovascular stress responses in coronary artery disease patients. • Following exercise-based cardiac rehabilitation, indices of autonomic neural control at rest and in response to transient physical stress in coronary artery disease patients were normalized, such that values were no long different from that of similarly aged, healthy individuals without cardiovascular disease.
What Are the Clinical Implications?
• Our finding of normalized autonomic nervous system regulation may play a role in the reduced cardiac risk and improved mortality rates observed in coronary artery disease patients following exercise training. • Our findings provide additional evidence that aerobic-and resistance-exercise-based cardiac rehabilitation represents a feasible and efficacious, nonpharmacological intervention in the management of coronary artery disease.
because removal of their data did not alter our results. CTRL participants were otherwise healthy with no history of cardiovascular, metabolic, inflammatory, or neurological disease (as assessed by a standardized health questionnaire) and were nonsmokers and nonmedicated. The current study was approved by the Health Sciences Research Ethics Board at Western University (Research Ethics Board no. 17810), and all participants provided informed written consent before study participation.
Experimental Protocol and Measures
CAD patients were studied before and following 6 months of exercise-training-based CR. CTRL participants were studied at 1 time point only to serve as a comparison group. All studies were conducted in the morning following a 12-hour fast and a 24-hour abstinence from caffeine, alcohol, and vigorous exercise. All testing was completed in the supine position. Following 30 minutes of supine rest, a venous blood sample was obtained from the antecubital vein for the analysis of blood glucose, blood lipids, and glycated hemoglobin. Next, supine resting BP was determined from the brachial artery using manual sphygmomanometry, and the average of 3 values was used for final analysis, as well as to calibrate the BP values obtained using finger photoplethysmography (Finometer; Finapres Medical Systems, Amsterdam, The Netherlands). As such, beat-to-beat BP was acquired continuously throughout the experimental protocol. Heart rate (HR) was determined from a standard 3-lead ECG (HP 78354A; Hewlett Packard, Andover, MA). Finally, direct sympathetic neural recordings were obtained by microneurography at the right peroneal nerve (662C-3; Bioengineering of University of Iowa, Iowa City, IA), using standard procedures described previously in detail. 26 All data were collected online using the LabChart7 and PowerLab data acquisition system (ADInstruments, Colorado Springs, CO).
Baseline data were collected for 5 minutes for determination of resting hemodynamics, MSNA, HRV, and cardiovagal and sympathetic BRS. Next, for the ensuing SHG protocol, participants completed 2 maximal voluntary contractions with their left hand (nondominant hand in 100% and 95% of CAD patients and CTRL, respectively), and the largest of the 2 was used to calculate relative exercise intensity. All SHG exercise was completed at 40% maximal voluntary contraction. Participants performed 4, 20-second contractions, separated by 1minute rest periods. Throughout the SHG protocol, visual feedback of exercise intensity was provided to aid in the maintenance of target force, and participants were instructed to breathe spontaneously throughout the exercise period. Upon completion, participants rated their level of perceived exertion using the 20-point Borg Rating of Perceived Exertion Scale. 27 
Data Analysis
All data were analyzed by a trained investigator who was blinded to participant group (ie, CAD or CTRL) and time point (ie, pre-CR or post-CR). Sympathetic bursts were identified visually from the integrated MSNA neurogram and quantified Cardiovagal BRS was assessed using the sequence method. 28, 29 Briefly, spontaneous sequences of ≥3 consecutive cardiac cycles, in which systolic BP and RR interval either increased or decreased in the same direction, were identified. Data were analyzed using either a lag 0 (86% of data sets), lag 1 (11% of data sets), or lag 2 (3% of data sets) criterion to ensure the greatest number of sequences. On average, in CAD patients, analysis resulted in 44AE18 baroreflex sequences for analysis pre-CR and 41AE18 baroreflex sequences for analysis post-CR. In CTRL, analysis resulted in 47AE18 baroreflex sequences for analysis. Linear regressions were performed, and the mean slope of the identified sequences was taken to represent cardiovagal BRS. All regressions had an r 2 >0.85. Sympathetic BRS was determined as the relationship between MSNA burst incidence and diastolic BP. 30 Briefly, diastolic BP values were averaged into 2 mm Hg bins, and the probability of a sympathetic burst occurring within each bin (from 0% to 100%) represented sympathetic burst incidence. The slope of this spontaneous relationship was taken to represent sympathetic BRS.
For the SHG protocol, HR, BP, and MSNA were calculated over the 30 seconds preceding each SHG bout (ie, baseline rest) and for the last 10 seconds of each SHG exercise period. Because no differences were observed in the baseline values or the response to each of the 4 handgrips, the average of the 4 SHG bouts was determined for each individual and used in the final analysis.
Cardiorespiratory Fitness
All participants completed a physician-supervised graded treadmill exercise stress test to exhaustion. Specifically, breath-by-breath measurements of oxygen uptake and carbon dioxide production were acquired continuously (over 3-second intervals) throughout the exercise test until volitional exhaustion (Quark b 2 ; COSMED srl, Rome, Italy). Each participant's VO 2peak was estimated from the graded exercise test as per standard clinical guidelines. 31 
Cardiac Rehabilitation Program
Exercise-based CR consisted of both aerobic and resistance exercise training and was completed in accord with current guidelines at the time of study execution. 32 Specifically, in Ontario, Canada, 6 months of CR represents standard clinical care for patients with CAD. Sessions were supervised as part of an existing community-based CR program and supplemented with home-based workouts. Specifically, aerobic exercise training was performed 3 to 7 days/week, consisting of 20 to 60 minutes of exercise at 40% to 70% of HR reserve. Aerobic exercise consisted of walking, running, and/or cycling exercise. Exercise intensity and duration were gradually increased on an individual patient basis throughout the 6month period. Resistance exercise training was completed 3 to 4 days/week. Resistance exercise entailed a full-body circuit, consisting of 8 to 12 exercises, completed for 1 to 3 sets at 10 to 15 repetitions. Exercise intensity started at 30% to 40% 1-repetition maximum and 50% to 60% 1-repetition maximum for upper and lower body exercises, respectively, and resistance was increased gradually (ie,~5%) once the upper limit of repetitions (ie, 12-15) could be completed comfortably.
Statistical Analysis
The effect of exercise-based CR in CAD patients (ie, pre-to post-CR) was tested using 2-tailed paired t tests. Nonnormally distributed variables were analyzed using Wilcoxon signed-rank tests. CAD patients were also compared to the reference CTRL group at pre-CR and post-CR using 2-tailed unpaired t tests, with Bonferroni correction for multiple comparisons. Non-normally distributed variables were analyzed using Mann-Whitney rank-sum tests. Statistical significance was set at P<0.05 and all data are meansAESD, unless otherwise indicated. All statistical analyses were performed using SigmaPlot software (version 12.0; Systat Software, San Jose, CA).
Results
On average, as part of a supervised, community-based CR program, CAD patients engaged in aerobic and resistance exercise 2.1AE0.6 days per week, which was supplemented with home-based workouts.
Before CR, CAD patients had lower cardiorespiratory fitness in comparison to CTRL (Table 1 ; P<0.001). Following exercise-based CR, CAD patients exhibited a significant improvement in cardiorespiratory fitness (P=0.02); yet, levels in CAD patients post-CR remained lower than CTRL (P=0.01).
As displayed in Table 1 , before CR, resting BP did not differ between CAD patients and CTRL (all P>0.05). In CAD patients, resting systolic BP, diastolic BP, and mean arterial BP were reduced following CR (Table 1) . Post-CR, CAD patients had lower diastolic BP (P=0.01) and mean arterial BP (P=0.02) than CTRL, whereas systolic BP did not differ (P=0.28). Resting HR was not different between CAD and CTRL pre-(P=0.84) or post-CR (P=0.92), nor was it altered following exercise-based CR in CAD patients (P=0.55). Table 2 displays all indices of HRV in CAD patients before and following CR and in CTRL participants. Before CR, no differences between CAD and CTRL were observed for any index of HRV (all P>0.05). Furthermore, no changes in HRV were observed in CAD patients after exercise-based CR (all P>0.05), such that no differences in HRV existed between CAD post-CR and CTRL (all P>0.05). Figure 1 displays levels of resting MSNA in CAD patients before and following CR and in CTRL participants. Before CR, both burst frequency (48AE8 versus 36AE8 bursts/min; P<0.001) and burst incidence (81AE7 versus 62AE10 bursts/ 100 hb; P<0.001) were elevated in CAD patients versus CTRL. However, both burst frequency (48AE8 to 39AE11 bursts/min; P<0.001) and burst incidence (81AE7 to 66AE17 bursts/ 100 hb; P<0.001) were lowered significantly in CAD patients post-CR, such that neither variable was different post-CR from CTRL (both P>0.05).
Cardiovagal BRS was not different between CAD patients and CTRL before CR (14AE10 versus 17AE11 ms/mm Hg; P=0.28). Following CR, cardiovagal BRS was not changed in CAD patients (14AE10 to 18AE14 ms/mm Hg; P=0.11; Figure 2A) , such that no differences existed between CAD post-CR and CTRL (P=0.92). In contrast, sympathetic BRS was lower in CAD patients pre-CR versus CTRL (À3.5AE1.9 versus À6.0AE3.3 bursts/100 hb/mm Hg; P=0.02), yet improved in CAD patients following exercise-based CR (À3.5AE1.9 to À5.9AE3.0 bursts/100 hb/mm Hg; P<0.01; Figure 2B ). As such, differences in sympathetic BRS were no longer observed between CAD patients post-CR and CTRL (P=0.92). Figure 3 displays the hemodynamic and MSNA responses to SHG exercise in CAD patients before and following CR and in CTRL participants. Absolute maximal voluntary contractions voltage and Borg rating of perceived exertion scores did not differ between CAD and CTRL before or following CR, nor were they altered with CR in CAD patients (all P>0.05). Before CR, all indices of BP increased in response to SHG exercise in CAD patients and CTRL (all P<0.001); however, magnitude of increases in BP was greater in CAD patients (all P<0.05). Before CR, HR increased in both groups (both P<0.001), with no differences in magnitude of response (P=0.10). Finally, before CR, both MSNA burst frequency and burst incidence increased in response to SHG in CAD patients (both P<0.001), but were unchanged in CTRL (both P>0.05), such that MSNA response was greater in CAD patients compared with CTRL (both P<0.001). In response to exercise-based CR, all BP and MSNA responses to SHG exercise were lowered significantly in CAD patients (all P<0.05), whereas HR showed no change (P=0.23). As such, BP and MSNA reactivity in CAD patients post-CR was no longer different from CTRL (all P>0.05).
Neuro-Cardiovascular Reactivity to SHG

Discussion
The current study provides important and novel insight into the effects of exercise-based CR on autonomic function and neuro-cardiovascular stress reactivity in patients with CAD. First, we show that sympathetic nerve outflow was reduced and sympathetic BRS improved in CAD patients following exercise-based CR, such that levels were no longer different than that of similarly aged, healthy individuals without disease. Conversely, cardiac autonomic regulation remained unchanged in patients following exercise training. Second, we report that CAD patients exhibit greater pressor and sympathetic nerve responses to short-duration SHG, responses that were reduced to levels observed in healthy controls following exercise-based CR. Taken together, our findings demonstrate that 6 months of exercise-based CR was associated with marked improvements in sympathetic autonomic function and neuro-cardiovascular stress responses in CAD patients. Exercise-based CR represents a cornerstone feature in the nonpharmacological treatment and management of patients with CAD, given its significant benefit on patient mortality and rehospitalization rates. 6 However, the effect of exercise-based CR on autonomic dysfunction, a hallmark of the disease, remains somewhat equivocal. Certainly, some of the debate pertains to the branch of the autonomic nervous system in question. For example, CAD is characterized by excessive sympathetic nerve activation, 1 which, in turn, is linked to cardiovascular instability and adverse outcomes. 33 Furthermore, chronic elevations in MSNA may be independently associated with end-organ damage 34 and increased mortality in cardiovascular disease. 4 Here, we demonstrate that exercise-based CR was associated with markedly lowered muscle sympathetic nerve outflow, to levels that matched healthy controls, and improved baroreflex control of sympathetic nerve activity in patients with CAD. These findings are consistent with previous reports in CAD patients, 16, 17 as well as other cardiac-related pathologies, 35 and highlight the robust benefit of exercise training on sympathetic neural control in CAD. In contrast, concurrent improvements in indices reflecting cardiovagal control were not observed in this group of CAD patients, a finding similar to some studies, [13] [14] [15] but not all. [7] [8] [9] [10] [11] [12] Differences in training paradigms, medication statuses, and severity of CAD make comparisons between studies difficult. Also, a training threshold for improvement may exist in cardiac patients. 36 Perhaps the modest (albeit significant) increase in cardiorespiratory fitness observed in our patients (~8% or 0.63 metabolic equivalents) reflected a suboptimal training load to elicit beneficial changes in cardiac vagal control, although other studies reflect similar rates of improvement in fitness. 15, 17 Moreover, accurate tests of cardiorespiratory fitness are difficult to achieve in patients receiving betablockade treatment. Importantly, however, even minor improvements in cardiorespiratory fitness elicit marked reductions in risk of all-cause mortality. 37, 38 Specifically, Myers et al 38 demonstrated that each 1 metabolic equivalent increase in exercise capacity confers an %12% improvement in survival, highlighting the robust benefit of seemingly modest improvements. Furthermore, magnitude of benefit likely depends on how "impaired" CAD patients are to begin with. In this sense, indices of HRV and cardiovagal BRS were not different between CAD patients and CTRL before exercisebased CR in the present study. However, it is worth noting that a modest trend for enhanced cardiovagal BRS (ie, Δ4AE11 ms/mm Hg; P=0.11) was observed in our patients following CR, which may have great clinical relevance. This conjecture receives some support from the results of La Rovere et al, 39 who demonstrated, in a 10-year follow-up study, that post-myocardial infarction patients with an exercise-induced improvement in cardiovagal BRS of >3 ms/mm Hg had dramatically lower cardiac mortality than those patients without such an increase. Altogether, these data highlight the considerable protective and clinical benefit of seemingly small changes in autonomic cardiovascular control produced by exercise-based CR in CAD patients.
A major novel finding of the current study is that CAD patients display greater pressor and sympathetic nerve responses to acute physical stress in comparison with similarly aged, healthy counterparts. In fact, sympathetic firing did not increase in response to short-duration SHG in CTRL participants, consistent with the idea that SHG does not elicit major increases in MSNA until after %1 minute in healthy individuals. 40 However, the current data support previous findings of rapid-onset and aberrant neuro-circulatory responses to physical stress in cardiovascular disease. 19 Of importance, however, was the observation that 6 months of aerobic-and resistancebased exercise training was associated with significant attenuation of arterial BP and sympathetic nerve response to acute physical stress in our patients. Moreover, neuro-cardiovascular responses were no longer different than that of healthy controls following CR. Overall, the current data suggest that exercise-based CR reverses the chronic elevations in baseline arterial BP and sympathetic nerve activity observed in CAD, as well as reactivity in these variables to exercise stress. These observations align with the growing understanding that sympatho-excitation to various stressors contributes to the development and progression of cardiovascular disease, 23 and that attenuation of stress hyper-reactivity may contribute to exercise-training-induced improvements in cardiovascular outcomes. 24 
Limitations
First, we recognize that a control group of "usual care" CAD patients (ie, no exercise-based CR) would have strengthened our conclusions. Unfortunately, in our hands, those patients who decline their referral to exercise-based CR are also unlikely to volunteer in research studies of this magnitude. Furthermore, withholding exercise-based CR in post-cardiac event patients is not acceptable given its well-documented positive effects on quality of life and cardiovascular mortality, 6 as well as the fact that CR represents the guidelinerecommended standard of care. 32 Second, CAD patients remained medicated throughout, and the effects of continued pharmacotherapy (in conjunction with exercise-based CR) on autonomic regulation remain largely unknown. However, the impact of cardiac blockade on cardiovagal indices appears to be minimal and therefore is not believed to have impacted the current data. 41 Medications in CAD patients were not withdrawn before testing to avoid abrupt, rebound cardiovascular effects. 42, 43 Third, given that exercise training was completed as part of an existing, community-based CR program, we do not have data with respect to average exercise volume in our patients and therefore cannot quantify the relationship between individual exercise dose and magnitude of autonomic benefit. Fourth, the mechanisms underlying improvements in sympathetic neural control following exercise-based CR are beyond the scope of the current study design, but may include centrally mediated mechanisms 44, 45 and/or improved endothelial function. Finally, the long-term maintenance of these benefits remains to be determined. Future studies are required to address these issues.
Perspectives CAD continues to be among the most prevalent forms of cardiovascular disease and represents a leading cause of morbidity and mortality worldwide. Specifically, recent estimates suggest that at the age of 40 years, 1 in 2 men and 1 in 3 women will develop CAD. 46 Therefore, the investigation into potential feasible and effective therapeutic interventions, as well as their mechanisms, remains a crucial effort toward improving patient outcomes and reducing the economic burden of disease. Here, we support earlier observations that CAD is associated with chronic elevations in baseline MSNA and that 6 months of exercise-based CR reverses these changes. The current data show further that CR may attenuate exaggerated autonomic and cardiovascular stress reactivity in patients with CAD. Moreover, following exercise training, indices of neural control in CAD patients were indistinguishable from that of similarly aged, healthy individuals without cardiovascular disease. Given the deleterious impact of hyperadrenergic states on cardiac and vascular tissue, 34 this normalization of autonomic nervous system regulation may play a role in reduced cardiac risk and improved mortality rates observed in patients following exercise training. Finally, these findings provide additional evidence that aerobic-and resistanceexercise-based CR represents a feasible and efficacious, nonpharmacological intervention in the management of CAD.
